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Visceral muscleTissue-speciﬁc adult stem cells are commonly associated with local niche for their maintenance and function.
In the adult Drosophila midgut, the surrounding visceral muscle maintains intestinal stem cells (ISCs) by
stimulating Wingless (Wg) and JAK/STAT pathway activities, whereas cytokine production in mature
enterocytes also induces ISC division and epithelial regeneration, especially in response to stress. Here we
show that EGFR/Ras/ERK signaling is another important participant in promoting ISC maintenance and
division in healthy intestine. The EGFR ligand Vein is speciﬁcally expressed inmuscle cells and is important for
ISC maintenance and proliferation. Two additional EGFR ligands, Spitz and Keren, function redundantly as
possible autocrine signals to promote ISC maintenance and proliferation. Notably, over-activated EGFR
signaling could partially replace Wg or JAK/STAT signaling for ISC maintenance and division, and vice versa.
Moreover, although disrupting any single one of the three signaling pathways showsmild and progressive ISC
loss over time, simultaneous disruption of them all leads to rapid and complete ISC elimination. Taken
together, our data suggest that Drosophila midgut ISCs are maintained cooperatively by multiple signaling
pathway activities and reinforce the notion that visceral muscle is a critical component of the ISC niche.l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Adult stem cells in many tissues are critical in maintaining tissue
homeostasis throughout life by means of their ability to renew
themselves and steadily produce differentiated cells to replenish aged
or damaged cells. Dysfunction of stem cells may lead to severe
consequences, and may thus be a possible underlying cause of many
human diseases, such as cancer. Adult stem cells are usually on
intimate terms with local niche microenvironment for life-long
maintenance and function (Morrison and Spradling, 2008), and it is
therefore critical to understand the underlying mechanisms of the
interactions between stem cells and the niche in controlling stem cell
self-renewal and differentiation.
Intestinal stem cells (ISCs) in the Drosophila midgut have recently
emerged as an attractive system to study stem cell regulation in vivo
(Casali andBatlle, 2009; Karpowicz andPerrimon, 2010;Wang andHou,
2010). The intestinal epithelium is a pseudostratiﬁed monolayer,
composed of multi-types of epithelial cells originating from a single
lineage. The epithelium contains ISCs, the only mitotic epithelial cells,
enteroblast (EB), the immediate daughter of the ISC that commits to
differentiate, and twomajor types of differentiated cells, the absorptive
enterocyte (EC) and enteroendocrine (ee) cell of secretory type
(Fig. 1A). After each mitosis, one ISC produces two daughter cells: oneself-renews to become a new ISC, the other differentiates into an EB,
which will differentiate further into either an EC or an ee cell. Previous
studies have demonstrated a central role of Notch (N) signaling in
controlling ISC differentiation (Micchelli and Perrimon, 2006; Ohlstein
and Spradling, 2006, 2007). ISCs speciﬁcally express an N ligand Delta
(Dl), which activates N at high level in EB to promote its differentiation.
Onemajor target of N signaling is the enhancer of split complex (Bardin
et al., 2010). To keep ISCs in the undifferentiated state, the complex is
repressed by a hairless-suppressor of hairless complex. EB differentia-
tion also requires JAK/STAT signaling activity (Beebe et al., 2010; Jiang
et al., 2009a; Lin et al., 2010), and it is blockedwhen JAK/STAT signaling
is disrupted, regardless of N activation (Beebe et al., 2010; Lin et al.,
2010), suggesting that N and JAK/STAT signaling function is parallel to
control EB differentiation. Genetic studies suggest that N and JAK/STAT
signaling activities are continuously required for downstream lineage
differentiation, and their antagonistic activities inﬂuence the binary fate
choice of EB towards either EC or ee cell (Lin et al., 2010; Ohlstein and
Spradling, 2007).
Previous studies have revealed an important role of local tissue
microenvironment in controlling ISC fate. ISCs are uniformly scattered
on a thin layer of the basement membrane, which separates the
epithelium and the surrounding visceral muscle (VM). The signaling
ligands Wingless (Wg)/Wnt and Unpaired (Upd) are produced by the
VM and activate the canonical Wnt as well as JAK/STAT signaling
pathway, respectively, in ISCs to promote ISC division and long-term
maintenance (Lin et al., 2008, 2010; Lin and Xi, 2008). In addition to the
role of themuscular niche in regulating ISC activity, damaged non-stem
Fig. 1. EGFR/Ras/ERK signaling is speciﬁcally activated in ISCs and EBs. (A) Schematic diagrams showing the structure of the Drosophila midgut and the cross sections of the
epithelium. ISC, intestinal stem cell; EB, enteroblast; EC, enterocyte; ee, enteroendocrine cell; VM, visceral muscle; and BM, basement membrane. (B and B’) A superﬁcial section
through the epithelium stained with esgGal4, UAS-GFP (green) and anti-EGFR antibody (red). EGFR is speciﬁcally expressed in esgGFP+ (ISC and/or EB) cells. (C and C’) An epithelial
layer stained with esgGal4, UAS-GFP (green) and anti-dpERK antibody (red). dpERK is speciﬁcally expressed in esgGFP+ (ISC and/or EB) cells. (D and D’) An epithelial layer stained
with anti-dpERK antibody (green), anti-Dl antibody (red, membrane) and anti-Pros antibody (red, nucleus). (E and E’) An epithelial layer stained with anti-dpERK antibody (red)
and anti-LacZ [Su(H)m8-lacZ] antibody (green). Note that the LaZ+ cell on the right is positive for dpERK, but the LacZ+ cell on the left is not (arrowheads). (F) A plot showing the
percentage of dpERK+ cells in ISCs (Dl+, n=106) and EBs (Su(H)m8-lacZ+, n=140), respectively. (G) A plot comparing dpERK levels in each ISC/EB pair. dpERK level is generally
higher or similar in ISC than in EB within the pair (n=54). (H) A plot comparing dpERK levels in EBs (recognized by Su(H)m8-lacZ+, n=156) with or without BrdU labeling. In all
images, DAPI staining is in blue. Scale bar, 10 μm.
32 N. Xu et al. / Developmental Biology 354 (2011) 31–43epithelial cells can also produce cytokines, such as Upd and Upd3, to
activate JAK/STAT signaling in ISCs to promote their division and
epithelial regeneration (Amcheslavsky et al., 2009; Biteau et al., 2008;
Buchon et al., 2009b; Cronin et al., 2009; Jiang et al., 2009a). Notably,
expression of Upd andUpd3 can also be detected in someepithelial cells
in healthy intestine (Beebe et al., 2010; Buchon et al., 2009a,b; Jiang et
al., 2009a; Liu et al., 2010), and this expression could be induced by
indigenous bacteria (Buchon et al., 2009a), suggesting that indigenous
bacteria may contribute to the baseline ISC activity and intestinal
regeneration via stimulating cytokine/JAK/STAT signaling.
EGFR signaling is known to have pleiotropic functions in regulating
cell proliferation, differentiation and survival in diverse Drosophila
tissues (Shilo, 2003), and it has been shown to regulate the proliferation
of adult midgut progenitor cells (AMPs) during Drosophila larvaldevelopment (Jiang and Edgar, 2009). Speciﬁcally, the EGFR ligand
Vein (Vn) is found to be exclusively expressed in the surrounding
visceral muscle to promote AMP proliferation. However, whether EGFR
signaling continues to regulate ISC proliferation or contribute to ISC self-
renewal in the adult midgut is unknown. Here we show that EGFR/Ras/
ERK signaling is required for ISC proliferation and maintenance in the
adult midgut. Furthermore, EGFR signaling activation in ISCs requires
both paracrine signals from the VM and signals from the epithelium,
possibly in an autocrine manner. Importantly, EGFR, Wnt and JAK/STAT
signalingpathwayactivities canmutually compensate eachother for ISC
proliferation andmaintenance, and simultaneous disruption of all these
signaling pathways leads to complete elimination of ISC self-renewal.
These data suggest that ISC self-renewal is cooperatively controlled by
EGFR, Wg and JAK/STAT signaling pathway activities.
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Fly strains
Flies were maintained at 25 °C and cultured on standard media
with wet yeast paste added on the food surface, unless otherwise
stated. The following ﬂy stocks were used in this study: FRT42D Egfrtsla
(Kumar et al., 1998) (a temperature sensitive allele and the restrictive
temperature was set to 25 °C in this study, under which condition
profound phenotype was observed); FRT42D Egfr1K35 (Brown et al.,
2006); FRT82B Ras85DLL01421 (DGRC); FRT82B Ras85De1B; spis3547 FRT
40A (Spradling et al., 1999); domeG0468FRT19A; hopC111FRT19A;
arm3FRT19A (Lin et al., 2008); vn-lacZ (vn10567) (Spradling et al.,
1999); UAS-vn-RNAi (VDRC, noted as #1); UAS-vn-RNAi (NIG, noted as
#2); UAS-spi-RNAi (NIG); UAS-Krn-RNAi (NIG); UAS-EGFR.λtop
(Queenan et al., 1997); UAS-vn and UAS-spi.sec (Yarnitzky et al.,
1998);UAS-Ras; UAS-RasV12; UAS-RasDN (Lee et al., 1996); UAS-
arm△N(1–155) (Zecca et al., 1996); UAS-upd; UAS-hop (Harrison
et al., 1995); UAS-EGFRDN (Freeman, 1996); and UAS-TCF△N (van de
Wetering et al., 1997).
Mosaic analysis
In all experiments, posterior midgut was the region where we
analyzed. MARCM clones (Lee and Luo, 2001) were induced by 1-h
heat shock treatment of 3–5-day-old females in a 37 °C running water
bath, the ﬂies were then dissected and stained on days 4, 7, 14, and 21
ACI. For overexpression experiments using UAS/Gal4ts (Brand and
Perrimon, 1993; McGuire et al., 2004), ﬂy crosses were done at 18 °C,
and newly enclosed ﬂies of appropriate genotypes were shifted to
29 °C for 1–2 weeks before dissection. To induce clones using the Gal4
ﬂp-out cassette, ﬂies were heat-shocked once for 1 h at 37 °C and
maintained at 25 °C. Fresh food with yeast paste was replaced every
2 days.
Immunohistochemistry
The immunostaining protocol used in this study has been
described previously (Lin et al., 2008). The following antisera or
dyes were used: mouse anti-Dl antibody [DSHB, 1:100]; mouse anti-
Pros antibody (DSHB, 1:300); rabbit anti-dpERK antibody (Cell
Signaling, 1:200); goat anti-EGFR antibody (Santa Crutz, 1:200);
rat anti-BrdU antibody (Abcam, 1:300); rabbit anti-phospho-Histone
H3 antibody (Upstate, 1:1000); rabbit polyclonal anti-β-gal anti-
bodies (Cappel, 1:6000); Alexa-568-conjugated goat anti-mouse/
rabbit, Alexa-488-conjugated goat anti-rabbit/mouse, Alexa-568-
conjugated donkey anti-goat, Alexa-488-conjugated donkey anti-
mouse and Cy5-conjugated goat anti-rabbit/rat secondary antibodies
(Molecular Probes, 1:300); rhodamine-conjugated Phalloidin (Mo-
lecular Probes, 1:500); and DAPI (49,69-diamidino-2-phenylindole,
Sigma, 0.1 mg/ml, 5 min incubation). TUNEL labeling was performed
using the in situ cell death detection kit (Roche) according to the
manufacturer's protocol. Images were captured either by a Zeiss
Imager Z1 equipped with an ApoTome system or by a Zeiss Meta 510
confocal microscope. All images were processed in Adobe Photoshop
and Illustrator.
In situ hybridization
Intestines were dissected, ﬁxed and prehybridized as previously
described (Lin et al., 2008). Samples were then hybridized with biotin-
conjugated RNA probes in hybridization buffer (50% formamide, 5%
dextransulfate, 4X SSC, and 0.01% Tween20) at 56 °C while shaking at
125 rpm overnight. Samples were washed with wash buffer (50%
formamide, 2× SSC and 0.01% Tween 20) at 56 °Cwith shaking, blocked
in 5% BSA in PBT, and then detected by a tyramide ampliﬁcation systemwith streptavidin-HRP and Cy3 tyramide conjugates (Perkin Elmer Life
Sciences). For double FISHwith Spi/Krn and Tk, digoxigenin-conjugated
Tk and biotin-conjugated Spi/Krn RNA probes were used, detected
respectively by Fluorescein-conjugated anti-digoxigenin Fab fragments
and the tyramide ampliﬁcation system.
Results
EGFR/Ras/ERK signaling is speciﬁcally activated in ISCs and EBs
To determine whether EGFR signaling is involved in ISC regulation
in the adult midgut, we examined EGFR signaling activity at the
posteriormidgut.Weused a binaryGal4/UAS system (esgGal4,UAS-GFP)
to mark ISCs and EBs with GFP (Brand and Perrimon, 1993; Micchelli
and Perrimon, 2006). Intestines were dissected from females aged at
5–7 days, co-stained with anti-EGFR antibody. EGFR was detected on
the membrane of about 16% of GFP+ epithelial cells (n=112), but not
in any GFP− cells (Fig. 1B), suggesting that EGFR is expressed in ISCs
and EBs, but not in other epithelial cells.
To test whether the canonical EGFR/Ras/ERK cascade is activated
in the ISC lineage, we stained midgut with antibodies against
diphosopho-extracellular signal-regulated kinase (dpERK), which
speciﬁcally recognizes the activated form of MAPK (Gabay et al.,
1997). Indeed, dpERK staining signal was eliminated in EGFR mutant
epithelial cells, and induced in EGFR activated cells (Fig. S1),
showing its speciﬁcity in reﬂecting EGFR signaling activity in this
tissue. Similarly, dpERK was exclusively detected in a subpopulation
of esgGFP+ cells (Fig. 1C). Co-staining with anti-Dl, an ISC speciﬁc
marker, and anti-Pros, an ee cell-speciﬁc marker (Micchelli and
Perrimon, 2006; Ohlstein and Spradling, 2006) conﬁrms that dpERK is
speciﬁcally detected in a subpopulation of ISCs and EBs, but not in ECs
(polyploid cells) or ee cell populations (Fig. 1D). Among dpERK+ cells,
29.5% (n=132) of them were Dl−, suggesting that a small fraction of
EBs also have MAPK activation. These EBs might be in their early state
and hence still retain EGFR activity from ISCs. Within the Dl+ cell
population, approximately 87.7% (n=106) of Dl+ cells had dpERK
expression (Fig. 1F), suggesting that most ISCs have EGFR signaling
activation. Co-staining with Su(H)m8-lacZ, a N activation reporter
(Furriols and Bray, 2001) that is particularly expressed in N-activated
EBs but not in ISCs (Micchelli and Perrimon, 2006; Ohlstein and
Spradling, 2007) revealed that about 72% (n=140) LacZ+ cells had
dpERK expression (Fig. 1E and F), suggesting that many EBs also have
detectable EGFR signaling activation. However, within each ISC/EB pair
(one ISC with one immediate EB daughter), the dpERK level in ISC was
either similar or higher than that in EB (Fig. 1G). Moreover, by
Bromodeoxyuridine (BrdU) incorporation assay, EBs (recognized by
Su(H)m8-lacZ expression) with BrdU+ (likely the newly formed EBs)
generally had high levels of dpERK than EBs without any BrdU label
(Fig. 1H), further supporting the notion that the observed EGFR activity
in EBs is probably retained from ISCs, although it is still possible that
EGFR activation in EB could be triggered by Spi/Krn signals from ISCs.
Taken together, these data suggest that EGFR/Ras/ERK signaling is active
in most ISCs and some EBs, but not in the differentiated ECs or ee cells.
EGFR signaling is required for ISC maintenance and division
We next asked whether EGFR/Ras/ERK signaling is required for ISC
function by generating EGFR/Ras signaling-mutant ISCs and analyzing
the results. Genes that encode the major components of EGFR/Ras/ERK
signaling are essential for viability. We therefore used the MARCM
system(Lee and Luo, 2001) togeneratewild-type ormutant clones from
mitotic cells in the intestinal epithelium and then examine the behavior
of themutant clones in a time course, as previously described (Lin et al.,
2008, 2010). Normally, each ISC divides approximately once a day and
the whole epithelium gets replaced approximately once a week (Jiang
et al., 2009a; Ohlstein and Spradling, 2006). By using the MARCM
34 N. Xu et al. / Developmental Biology 354 (2011) 31–43technique, the initially-marked ISC will generate a patch (or a clone) of
GFP+ cells over a time course after clone induction (ACI). Within the
clone, all the cells should be derived from the originally-marked ISC.
Egfrtsla, Egfr1K35, Ras85DLL01421 (RasLL01421), and Ras85De1B (Rase1B) alleles
were used in this study. Egfrtsla is a temperature sensitive allele, and the
rest are all strong or genetic null alleles. Because GFP clones without ISC
will not be sustained, andwill disappear from the epithelium in a week,
quantiﬁcation of Dl+ ISC-containingGFP clones (or termed as ISC clones
hereafter, for convenience) over timeshould be adirectmeasurementof
ISC maintenance rate over a speciﬁed period.
For the wild-type control (FRT42D), many GFP clones were readily
observed, scattering along the whole midgut at day 7 and 21 ACI,
respectively (Fig. 2A and B). Similar phenotypes were detected for the
wild-type clones generated with FRT82B (Fig. S2A and B). In contrast,
for the midguts containing EGFR or Ras mutant clones, a similar
number of GFP clones were induced at day 7, the number of GFP
clones was invariably declined at day 21 ACI (Figs. 2C–H, S2C and D).
Closer examination of the mutant GFP clones remained at days 14 and
21 ACI revealed that there were still Dl+ ISCs present, although the
size of each ISC clone was much smaller compared to the wild-type
ones (Figs. 2J–O and S2E and F). Similar phenotypes were also
observed for the MARCM GFP clones expressing a dominant negative
form of Ras85D (RasDN) (Lee et al., 1996) (Fig. 2N and O) or EGFR
(EGFRDN) (Freeman, 1996) (Figs. 2O and S2G). The presence of ISCs in
the remaining clones even at day 21 ACI indicates that EGFR signaling
is not compulsory for ISC maintenance, even though, quantitative
analysis of ISC clones at days 4, 7, 14 and 21 ACI showed that
approximately 60% of EGFR signaling-mutant ISCs gradually got lost
over 18 days (Fig. 2I). Therefore, similar to Wg- or JAK-signaling-
mutant ISC clones previously reported, EGFR-signaling-mutant ISC
clones are also gradually lost over time. The small clone size and ISC
loss phenotype indicate that the mutant ISCs could be less
proliferative or undergoing apoptosis. BrdU incorporation assay
showed that the percentages of BrdU-labeled ISCs mutant for
RasLL01421 Rase1B, Egfrtsla (25 °C) and Egfr1K35 were 15.4% (n=60),
16.1% (n=36), 13.3% (n=51), and 12.1% (n=37), respectively,
compared to 34.4% (n=82) for wild-type ISCs. Moreover, same as the
wild-type ISCs (n=140), labeling of fragmented DNA, a hallmark of
apoptosis, with TUNEL, revealed that none of the EGFR [Egfrtsla (25 °C),
n=87; Egfr1K35, n=28] or Ras (RasLL01421, n=141; Rase1B, n=64)
mutant ISCs underwent apoptosis (Figs. 2P and S2H). Hence, the small
clone size is due to slow ISC proliferation, and the ISC loss is a
consequence of differentiation, rather than cell death. In addition, as
polyploid ECs and Pros+ ee cells were frequently observed in EGFR or
Ras mutant ISC clones (Figs. 2,S2, and Table S1), EGFR signaling is not
essential for EC or ee cell differentiation. Therefore, EGFR signaling is
not essential for lineage differentiation, whereas it is required for ISC
maintenance and proliferation.
EGFR signaling activation in ISC requires multiple signaling ligands
Nextwe investigatedhowEGFRsignaling is activated. TheDrosophila
genome encodes four EGFR activation ligands, Vein (Vn), Spitz (Spi),
Keren (Krn) and Gurken (Grk) (Shilo, 2003). Grk is believed to function
exclusively in the germline (Nilson and Schupbach, 1999), and
consistently, we did not observe any Grk expression in the midgut
by immunostaining with antibodies against Grk (data not shown).
In contrast, the transcripts of the other three ligands were detected
in the posterior midgut by RT-PCR analysis (Fig. 3A). Vn-lacZ
(Vn10567), a LacZ enhancer trap, inserted in Vn locus (Spradling
et al., 1999), was used to examine Vn expression in the midgut. A
high level of β-galactosidase expression in the inner circular muscles
and a low level in the outer longitudinal muscles were observed, but
none was detected in any epithelial cells (Figs. 3B–C’), suggesting that
Vn is speciﬁcally expressed in the visceral muscle (VM). To determine
the expression pattern of Spi and Krn, the corresponding anti-sense andsense RNA probes were generated for ﬂuorescence in situ hybridization
(FISH).Noﬂuorescent signalwasdetected for the senseprobes (data not
shown). By contrast, ﬂuorescent signals for the anti-sense probes of
both Spi and Krn were speciﬁcally detected in the cytoplasm of some
diploid cells (Fig. 3D and E), located in the most proximal point to the
basement membrane in the epithelium (Fig. 3D’ and E’). In addition,
double FISH with Tachykinin (Tk), a marker for a subset of ee cell
population (Ohlstein and Spradling, 2006), showed that Spi and Krn
expressing cells do not express Tk (Fig. 3F and G). Based on those
observations, we conclude that Spi and Krn are expressed in small
diploid cells located basally in the epithelium, which are likely ISCs.
Vn is known as a secreted ligand (Yarnitzky et al., 1997), and its
expression pattern indicates that Vn could serve, in the manner
similar to Wg and Upd, as a paracrine signal from the VM to activate
downstream signaling cascades in ISCs promoting ISC proliferation
and maintenance. To test this hypothesis, we asked whether
inhibition of Vn expression in VM could affect ISC proliferation and
maintenance. A muscle-speciﬁc Gal4 line 24B-Gal4 (howGal4) (Fyrberg
et al., 1997), which has been shown to speciﬁcally drive UAS-GFP
expression in the VM of larval midgut (Jiang and Edgar, 2009), was
utilized. Similarly, it speciﬁcally droveGFPexpression in theVM, but not
the epithelial cells in the adult midgut (Fig. 4A). Combined with
Tub-Gal80ts (McGuire et al., 2004),24B-Gal4wasused to temporally and
spatially induce UAS-vn-RNAi, a transgene that expresses RNA inverted
repeats to Vn speciﬁcally. After being placed under restrictive
temperature for two weeks, the ISC population was signiﬁcantly
reduced in the midgut with Vn inhibition, compared to the controls
without vn-RNAi induction (Fig. 4B–D). Similar phenotypes were
observed with another UAS-vn-RNAi construct that targets a different
coding region (Fig. 4D). In addition, ISCs in vn-RNAi treatedmidgutwere
less proliferative, illustrated by signiﬁcantly reduced mitotic index
(Fig. 4E). Therefore, paracrine Vn signal from the VM is required for
wild-type levels of ISC maintenance and proliferation.
The pattern of Spi and Krn expression suggests that Spi and Krn
might function in the epithelial cells, possibly ISCs, to activate EGFR
signaling, hence promoting ISC proliferation and maintenance. To test
this hypothesis, we expressed spi-RNAi or Krn-RNAi in GFP clones,
induced by a “ﬂp-out” ActNGal4 driver (Neufeld et al., 1998). After a
mild heat-shock induction, only sporadic cells in the epithelium can
be induced to express GFP (data not shown). The ability of clonal
growth of GFP cells over time should be dependent on the ISC activity
within the clones. The GFP clones with vn-RNAi expression, examined
at 2 weeks ACI, were similar in both size and cellular composition to
wild-type clones (Fig. 4F and G), further supporting the notion that Vn
functions as a paracrine signal. The GFP clones with either spi-RNAi or
Krn-RNAi expression also showed no obvious difference compared
with the wild-type clones (Fig. 4H, I and K). Strikingly, the ISC clones
with both spi-RNAi and Krn-RNAi expression generally showed
signiﬁcantly smaller clone sizes (Fig. 4J and K). In addition, the
MARCM GFP clones of spis3547 mutant, a P-element insertional
mutation (Spradling et al., 1999), displayed no obvious phenotype.
However, when the clones were co-induced with Krn-RNAi, the size of
GFP clones was signiﬁcantly reduced (Fig. 4K). Moreover, the number
of ISC-containing GFP clones in the epithelium declined over time
when both ligands were disrupted (Fig. 4L). In contrast, co-expression
of spi-RNAi and Krn-RNAi in muscle cells by 24B-Gal4 did not have any
obvious effect on ISC maintenance (Fig. S3). Therefore, Spi and Krn
signals function redundantly in epithelial cells to regulate ISC
proliferation and maintenance.
EGFR signaling activation is sufﬁcient to promote ISC division
Next, we askedwhether hyperactivation of EGFR or Ras is sufﬁcient
to induce ISC division. Interestingly, after being switched to restrictive
temperature for two weeks, induction of wild-type Ras85D (Ras) in
ISCs and EBs using the esgGal4ts (esgGal4, TubGal80ts) system resulted
Fig. 2. EGFR/Ras signaling is required for ISCmaintenanceanddivision. (AandB)GFP (green)-markedwild-typeclones in theposteriormidgut inducedat day7 (A)wereproperlymaintained
atday21ACI (B). (C–H)Majorityof EGFR(CandE)andRas (G)mutantclones (green)clones inducedatday7ACIwereno longermaintainedatday21ACI(D, F andH). (I) Timecourseanalysis
ofwild-type andmutant ISC clones. Thepercentageof ISC clones at agiven timepoint is calculatedas thenumber of clones carryingDl+cells dividedby the averagenumber of ISC clones at day
4ACI. Error bars indicate SEM. (n=10–20 intestines). (J–M)Typicalwild-type, EGFR andRasmutantGFP clones (green) of given genotypes at twoweeks ACI. Note that the size of EGFRor Ras
mutant ISC cloneof is smaller than that ofwild-type. (N)AGFP clonewith forcedUAS-RasDNexpressionat twoweeksACI. (O)Quantiﬁcationanalysis of cellnumberper ISC clonesofwild-type
and given genotypesmutant clones at day 7ACI.Mean±SEMare shown.n=50–130 clones. Values signiﬁcantly different in a Student's t-test (***Pb0.001). (P) TUNEL staining (red) showed
that the Rasmutant GFP clone (green) did not undergo apoptosis. In all images, anti-Dl and anti-Pros staining is in red, and DAPI staining is in blue. Scale bar, 10 μm, unless noted.
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Fig. 3. Expression pattern of EGFR ligands in the midgut. (A) RT-RCR analysis of three ligands (Vn, Spi and Krn) mRNA expression in intestine. (B) A superﬁcial section through the
epitheliumstainedwith vn-lacZ (green, nucleus), anti-Dl antibody (red,membrane) and anti-Pros antibody (red, nucleus). vn-lacZ is speciﬁcally expressed inmuscle cells. (C) A superﬁcial
section through themuscle layer stainedwith vn-lacZ (green, nucleus) and phalloidin (Red). (C’) A cross-section stainedwith vn-lacZ (green) and phalloidin (red). (D–G) spi (D, D’, F) and
Krn (E, E’, G)mRNA detected by in situ hybridization (red) is present in the diploid cells that do not express Tachykinin (Tk) (green in F and G). D’ and E’ show that spi and KrnmRNA (red)
expressing cells are located basally in the epithelium. Note that the arrowhead with dashed line in G points to an EC located right beneath the Krn-expressing cells. In all images, DAPI
staining is in blue. Scale bar, 10 μm.
36 N. Xu et al. / Developmental Biology 354 (2011) 31–43in amild increase of esgGFP+ cells in the epithelium (Fig. 5B compared
to Fig. 5A), indicating that Ras expression level could be a limiting
factor for signaling activation in ISCs. Induction of EGFR.λTop, the
activated EGFR (Queenan et al., 1997), or RasV12, the activated Ras
(Lee et al., 1996), led to amuch stronger accumulation of esgGFP+ cells
in the epithelium (Fig. 5E and F). Signiﬁcant increase of mitosis in the
midgut with EGFR/Ras activation was also revealed by phosphor-
histone H3 (PH3) staining (Fig. 5C and Fig. S4A and B). The presence of
a large number of esgGFP+ cells indicates that hyperactivation of EGFR
signaling leads to more ISCs and/or progenitor cells. Indeed, many of
these extra esgGFP+ cells had low levels of Dl expression (Fig. 5D and
Fig. S4D). We also used Dl-lacZ, a LacZ enhancer trap, to demonstrate
Dl expression in the midgut. Double staining with anti-LacZ and anti-
Dl in normal intestine revealed that all Dl+ cells were LacZ+. By
contrast, 85% of LacZ+ cells were Dl+ cells while the rest 15% LacZ+
cells all expressweak lacZ level, indicating that Dl-lacZ could be amore
sensitivemarker for Dl expression, although it is still possible that LacZ
turns over slower than Dl (Fig. S4C). Nevertheless, RasV12 induction
produced extra diploid cells with high levels of Dl-lacZ expression
(Fig. 5E), being ISC-like. However, some esgGFP+ cells showed slightly
larger cell sizes analogous to early ECs. Indeed, many of these extra
esgGFP+ cellswere positive for Su(H)m8-lacZ, theNactivation reporter
(Fig. S4E). In addition, stainingwith Pdm-1, an EC speciﬁc marker (Lee
et al., 2009), showed that many polyploid esgGFP+ cells did not
properly express Pdm-1 (Fig. 5F and F’), indicating that these cellsmay
undergo differentiation from EB to EC, though their differentiation is
abnormal. Taken together, we conclude that EGFR hyperactivation is
sufﬁcient to promote ISC division and produce extra ISC and EB-like
cells that could differentiate further.Increased number of ISC-like cells with weak Dl expression caused
by EGFR activation indicates that, in similar manners of Wg or JAK/
STAT signaling activation, EGFR activation also has certain, although
limited, ability to promote ISC self-renewal. Previous studies suggest
that Wg and JAK/STAT signaling functions upstream of N in ISC fate
maintenance (Lin et al., 2008, 2010). To test the epistatic relationships
between EGFR signaling and N, we generated EGFR-mutant ISC clones
co-expressing N-RNAi. Similar to N single mutant clones (Fig. 5G),
EGFR N double mutant clones also developed ISC-like and ee cell-like
tumors (Fig. 5H), suggesting that EGFR signaling is also upstream of N
in ISC fate control. One signiﬁcant difference was the size of EGFR
Nmutant ISC clones at 2 weeks ACI, which was generally smaller than
N single mutant ISC clones (Fig. 5I), suggesting that EGFR signaling is
required for the growth of N-mutation-induced ISC-like tumors, which
further supports the importance of EGFR signaling in ISC division.
Conversely, induction of RasV12 in N-mutant ISCs dramatically
promoted tumor growth (Fig. S4F and G), which further supports that
EGFR signaling activation is sufﬁcient to promote ISC division.
To further understand the functional relationships between Vn
and Spi/Krn in promoting EGFR activity, we asked whether they have
similar effects on ISC behavior when over-expressed, and whether Spi
could substitute Vn in muscle cells for ISC maintenance. Forced
expression of either Vn or a secreted form of Spi (Spi.sec) (Yarnitzky
et al., 1998) in progenitor cells with esgGal4ts results in signiﬁcant
increases of Dl+ISC-like cells and mitosis (Fig. 5J and L). Similar
effects were observed when they are expressed in muscle cells with
24B-Gal4ts (Fig. 5K and L). Importantly, expression of Spi.sec in
muscle cells could prevent ISC loss caused by vn-RNAi (Fig. 4D), and
the mitotic index was also brought back to normal levels (Fig. 5L),
Fig. 4.Multiple EGFR signaling ligands are required for ISCmaintenance and division. (A, A’) A superﬁcial section through themuscle layer (A) and a cross-section through lumen (A’)
stained with 24B-Gal4; UAS-GFP. GFP (green) is speciﬁcally detected in muscle cells. (B–C) Superﬁcial sections through the epithelium of 24B-Gal4/+ (B) and 24B-Gal4/+; UAS-vn-
RNAi/+ (C) intestines stained with anti-Dl antibody (red, membrane), anti-Pros antibody (red, nucleus), anti-PH3 antibody (green) and DAPI (blue). Note that the arrowheads point
to PH3-positive ISCs. (D) A graph shows quantitative comparison of the percentage of ISCs per midgut between the controls (24B-Gal4/+, n=7 intestines; UAS-vn-RNAi (#1)/+,
n=5) and the experimental ones (24B-Gal4/+;UAS-vn-RNAi/+, n=5; 24B-Gal4/+;UAS-vn-RNAi (#2)/+, n=4; 24B-Gal4/+;UAS-vn-RNAi, UAS-spi.sec; n=19). (E) A graph shows
quantitative comparison of the percentage of PH3-positive ISCs between the control (n=7 intestines) and the experimental (n=7). In (H and I), mean±SEM are shown. Statistics
by a t-test (***Pb0.001; **Pb0.01). (F–J) Examples of typical GFP clones (green) of given genotypes generated by the ﬂp-out system at two weeks ACI (anti-Dl antibody, red,
membrane; anti-Pros antibody, red, nucleus). Note that spi and Krn double knock-down leads to small clone phenotype. (K) Quantiﬁcation analysis of cell number per ISC clones of
wild-type and given genotype at day 14 ACI. Mean±SEM are shown. n=50–100 (clones). ***Pb0.001. (L) Time course analysis of wild-type and given genotype ISC clones. Error
bars indicate SEM. n=10–20 (intestines). In all images, DAPI staining is in blue. Scale bar, 10 μm.
37N. Xu et al. / Developmental Biology 354 (2011) 31–43suggesting that Vn and Spi, although produced by different cells, have
similar roles in promoting ISC proliferation and maintenance. Taken
together, these data suggest that EGFR/Ras/ERK signaling is activated
in ISCs to regulate ISC maintenance and proliferation by paracrine Vn
signal from the VM as well as Krn and Spi signals from the epithelium.
JAK/STAT or Wg signaling activation compensates for ISC maintenance
and division caused by EGFR signaling disruption
As EGFR signaling has similar roles to Wg or JAK/STAT signaling in
regulating ISC behavior, these three pathways may have overlapping
capacity in controlling ISC proliferation and maintenance. To deter-
mine the functional relationships among these pathways, we asked
whether EGFR signaling activation is able to rescue slow ISC
proliferation and ISC loss phenotype caused by Wg or JAK/STAT
signaling inhibition, or the other way around. Induction of a dominant
negative form of TCF (TCFΔN), which can disruptWg signaling (van de
Wetering et al., 1997), led to progressive ISC loss because of committed
differentiation (Fig. 6A), as previously reported (Lin et al., 2008).However, when Ras was co-induced, the ISC loss phenotype was
signiﬁcantly rescued (Fig. 6B and C), suggesting that EGFR signaling
activation is able to rescue ISC loss caused by Wg signaling inhibition.
Next, we askedwhether Ras activation is able to compensate for the
ISC loss caused by JAK signaling elimination. InDrosophila, JAK signaling
is transduced by the receptor Domeless (Dome), the JAK kinase
Hopscotch (Hop) and transcriptional factor STAT92E (Rawlings et al.,
2004). Induction of domemutant clones by the MARCM system led to a
small ISC clone phenotype resulted from ISC underproliferation and EB
differentiation blockage. In addition,most ISC cloneswere lost gradually
from the epithelium over time (Fig. 6D), as previously reported (Lin
et al., 2010). Strikingly, co-induction of Ras in these clones not only
rescued their loss from the epithelium, but also promoted clonal growth
(Fig. 6E and F). In dome-mutant ISC clones, the number of PH3+ cells per
clone is 0.05 (n=38), whereas it is 2.15 (n=48) when Ras was co-
induced. More dramatic overgrowth was observed when RasV12 was
induced in JAK signaling compromised clones (Fig. S5B). The populated
cells in the clonesmostly remaineddiploid, someofwhichwereDl+ ISC-
like cells (Fig. 6F and Fig. S5C), indicating that, similar to dome/hop single
Fig. 5. EGFR signaling activation is sufﬁcient to promote ISC division. (A) Experimental control. A superﬁcial section through the epithelium from esgGal4, UAS-GFP, and tub-Gal80ts
ﬂies reared at 29 °C for 2 weeks. ISCs disperse in the epithelium. (B) Ras overexpression causes a weak increase of ISC-like cells (Dl+ and GFP+) and EB-like cells (Dl− and GFP+).
(C) Quantiﬁcation analysis of PH3-positive cells in intestines of various genotypes as denoted. Mean±SEM is shown. n=10–19 (intestines). Statistics by a t-test (***Pb0.001).
(D) Quantiﬁcation analysis of the percentage of ISCs in total epithelial cells in the posterior midgut of various genotypes as denoted. Mean±SEM are shown. n=6–8 (intestines).
Statistics by a t-test (***Pb0.001; **Pb0.01). (E) Many GFP+ cells are positive for Dl-lacZ (red) after RasV12 overexpression. (F) Many esgGFP+ cells in UAS-EGFRλtop induced
intestine showed slightly larger nuclear sizes similar to early ECs, but they did not express Pdm-1 (in red). F’ is the red and blue channels of image F. (G) UAS-N-RNAi GFP (green)
clones generated by the MARCM system at two weeks ACI display ISC-like (Dl+ and GFP+) tumors. (H) UAS-N-RNAi; Egfrtsla double mutant clones at two weeks ACI exhibit similar
ISC-like tumor phenotypes (Dl+ and GFP+), but the tumor size was smaller than that of forced UAS-N-RNAi expression. (I) Quantiﬁcation analysis of the tumor sizes in UAS-N-RNAi
and UAS-N-RNAi; Egfrtsla intestines. We classify all tumors into three categories based on the total number of cells each tumor contains: b50 cells, 50–100 cells and N100 cells.
Numbers of tumors examined for each genotype: 180–200. (J) A graph shows quantitative comparisons of the percentage of Dl+ ISCs in total epithelial cells between the control
(esgGal4/+, n=19 intestines) and the experimental ones (esgGal4/+;UAS-vn+, n=12; esgGal4/+;UAS-spi.sec/+, n=10). ***Pb0.001. (K) Comparisons of the percentages of Dl+
ISCs between the control (24B-Gal4/+, n=12) and the experimental ones (24B-Gal4/+; UAS-vn/+, n=10; 24B-Gal4/+; UAS-spi.sec/+, n=13). ***Pb0.001. (L) A graph shows
comparisons of PH3+ cells per gut between the controls (esgGal4/+, n=19 and 24B-Gal4/+, n=12) and the experimental ones (esgGal4/+; UAS-vn/+, n=10; esgGal4/+; UAS-spi.
sec/+, n=14; 24B-Gal4/+; UAS-vn/+, n=18; 24B-Gal4/+;UAS-spi.sec/+, n=14; 24B-Gal4/+; UAS-spi.sec/UAS-vn-RNAi, n=19). ***Pb0.001. In all images, DAPI staining is in blue.
Scale bar, 10 μm.
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Fig. 6. JAK/STAT orWg signaling activation compensates for ISC maintenance and division caused by EGFR signaling disruption. (A) Induction of UAS-TcfΔN by the Gal4ts/UAS system
causes ISC loss. (B) Co-induction of UAS-TcfΔN and UAS-Ras rescues the ISC loss phenotype. (C) Quantitative analysis of ISC population in intestines of various genotypes as denoted.
Mean±SEM are shown. n=5–8 intestines. Statistics by a t-test (***Pb0.001; **Pb0.01). (D) domeG0468 clones (GFP, green) generated by MARCM show strong underproliferation
and loss at day 14 ACI. (E) Expression of Ras suppresses the underproliferation and loss of domeG0468 clones. (F, F’) A domeG0468 clonewith UAS-Ras expression. The clone is marked by
GFP (Green). F’ is the DAPI channel of the image F. Note that most cells in the clones remain diploid. (G–I) Simultaneously activating of JAK/STAT orWg signaling by UAS-upd (H) and
UAS-arm△N (I) in Rasmutant clones (G) could promote the growth of mutant clones (H and I). (J) Time course analysis of the maintenance rate of wild-type and mutant ISC clones
with genotypes denoted. Error bars indicate SEM. n=10–20 intestines. (K) Quantiﬁcation of the cell number per ISC clone of given genotypes at the day 7 ACI. Mean±SEM are
shown. n=50–100 clones. Statistics by a t-test (***Pb0.001; **Pb0.01; *Pb0.05). In all images, anti-Dl and anti-Pros staining is in red, and DAPI staining is in blue. Scale bar, 10 μm
unless noted.
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cells. One intriguing possibility for the rapid growth of dome-mutant ISC
clones by Ras activation is that the EB-like cells, although normally not
dividing, might have regained mitotic activity. However, PH3+ cellswere only found in Dl+ cell population of both dome clones (nN50) and
hop clones (nN50) with RasV12 induction (Fig. S5D and E), suggesting
that the overgrowth is caused by ISC overproliferation. Therefore,
ectopic EGFR signaling is sufﬁcient to promote ISC maintenance and
40 N. Xu et al. / Developmental Biology 354 (2011) 31–43induce ISC division, even under the conditions of JAK/STAT signaling
disruption, though its hyperactivation is unable to induce mitosis of EB
or EB-like cells.
As described earlier, Ras-mutant ISC clones grew smaller than the
wild-type clones (Fig. 6G). Expressing the JAK signaling ligand Upd
signiﬁcantly promotes the growth of Ras-mutant clones (Fig. 6H and
K). Similarly, expression of ArmΔN, a stable and active form of
Armadillo (Arm, the Drosophila β-catenin) (Zecca et al., 1996) in Ras-
mutant clones also signiﬁcantly promotes their growth (Fig. 6I and K).
In addition, the maintenance defects of Ras-mutant clones could also
be partially rescued by Wg signaling activation, and to a less degree,
by JAK signaling activation (Fig. 6J). Therefore, Wg or JAK/STAT
signaling hyperactivation is able to promote ISC division and
maintenance even when EGFR signaling is disrupted.
JAK/STAT, Wg and EGFR signaling pathways function together to control
ISC maintenance and proliferation
The above data indicate that these three pathways may have
redundant capacity in regulating ISC division andmaintenance. In thisFig. 7. EGFR, JAK/STAT andWg signaling cooperatively regulate ISCmaintenance. (A, B) arm3
(B). Note that GFP clones induced at day 4 were no longer maintained at day 14. (C–D’) Ex
channel of image D, which shows that all the GFP+ cells (arrowheads) were Dl− (red, memb
arm hop double mutant ISC clones. The percentage of ISC clones at day 7 and 14 is calculated
at day 4 ACI. (F) TUNEL staining (red nucleus) shows that the triple mutant GFP clones did n
GFP (green) superimposed with a DIC channel revealed that the mutant cells have detached (
Dl+ ISC (anti-Dl, red) in close contact with the basement membrane is also shown. In all imcase, it would be expected that disruption of three signaling pathways
simultaneously could completely disrupt ISC maintenance. To test
this hypothesis, we generated ISC clones double mutant for arm
and hop, and co-expressing EGFRDN. The early clones at day 4 ACI
showed small clone sizes (Fig. 7A), and when examined at day 14
ACI, most GFP clones disappeared (Fig. 7B). None of the remaining
GFP cells contained Dl+ cells, indicating a complete loss of mutant
ISCs. Even as early as day 7 ACI, most GFP clones no longer had Dl+
cells (Fig. 7D and D’). Comparative analysis showed that EGFR
inhibition further enhances the loss of JAK and Wg signaling double
mutant ISC clones (Fig. 7E). Importantly, these triple mutant
GFP clones (n=36) were not apoptotic (Fig. 7F). They remained
as diploid cells, due to the loss of JAK activity, which is essential for
EB differentiation. These cells remained at day 14 ACI and had
begun to leave the basement membrane (Fig. 7G), implying that
the mutant cells are eventually lost by shedding off from the
epithelium to the lumen. Rapid loss of ISC clones by simultaneous
inhibition of all three pathways further supports that these pathways
function together in a partially redundant manner to control ISC
maintenance.hopC111MARCM clones (GFP, green)with EGFRDN expression at day 4 (A) and day 14 ACI
amples of typical GFP clones (green) of given genotypes at one week ACI. D’ is the red
rane). (E) Time course analysis shows that EGFR inhibition further enhances the loss of
as the number of ISC clones divided by the average number of ISC clones in each midgut
ot undergo apoptosis. (G) Cross section of triple mutant cells (arrowheads) marked by
upper left) or in the process of detaching (lower right) from the basement membrane. A











Fig. 8. A proposed model for the baseline regulation of midgut ISCs in Drosophila. Under
normal conditions, the maintenance and basal activity of ISCs are cooperatively
sustained by paracrine signals (Vn, Wg, and Upd) from the muscle cells and possible
autocrine signals (Krn and Spi). Indigenous bacteria also induce Upd3 expression,
which may contribute to ISC activation and epithelial regeneration.
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Drosophila ISCs require multiple maintenance signals
Adult stem cells commonly interact with special microenviron-
ment for their maintenance and function. Many adult stem cells, best
represented by germline stem cells in Drosophila and C. elegans,
require one primary maintenance signal from the niche while
additional signals may contribute to niche integrity (Morrison and
Spradling, 2008; Wong et al., 2005). ISCs in the Drosophilamidgut do
not seem to ﬁt into this model. Instead, they require cooperative
interactions of three major signaling pathways, including EGFR, Wg
and JAK/STAT signaling, for long-term maintenance. Importantly, Wg
or JAK/STAT signaling over-activation is able to compensate for ISC
maintenance and proliferation defects caused by EGFR signaling
disruption, and vice versa. Therefore, ISCs could be governed by a
robust mechanism, signaling pathways could compensate with each
other to safeguard ISCmaintenance. Themechanisms of themolecular
interactions among these pathways in ISC maintenance remains to be
investigated. In mammals, ISCs in the small intestine are primarily
controlled by Wnt signaling pathways (Radtke and Clevers, 2005),
and there are other ISC speciﬁc markers not controlled by Wnt
signaling (van der Flier et al., 2009). In addition, mammalian ISCs in
vitro strictly depend on both EGFR andWnt signals (Sato et al., 2009),
indicating that EGFR and Wnt signaling may also cooperatively
control mammalian ISC fate. We suggest that combinatory signaling
control of stem cell maintenance could be a general mechanism for
ISCs throughout evolution.
The involvement of EGFR signaling in Drosophila ISC regulation
may bring out important implications to our understanding of
intestinal diseases, in which multiple signaling events could be
involved. For example, in addition toWnt signalingmutation, gain-of-
function K-Ras mutations are frequently associated with colorectal
cancers in humans (Jiang et al., 2009b). Moreover, activation of Wnt
signaling caused by the loss of adenomatous polyposis coli (APC) in
humans initiates intestinal adenoma, but its progression to carcinoma
may require additional mutations (Radtke and Clevers, 2005).
Interestingly, albeit controversial, Ras signaling activation is sug-
gested to be essential for nuclear β-catenin localization, and for
promoting adenoma to carcinoma transition (Obrador-Hevia et al.,
2010; Phelps et al., 2009). In the Drosophila midgut, loss of APC1/2
genes also leads to intestinal hyperplasia because of ISC over-
proliferation (Cordero et al., 2009; Lee et al., 2009). Given that EGFR
signaling is generally activated in ISCs, it would be interesting to
determine the requirements of EGFR signaling activation in APC-loss-
induced intestinal hyperplasia in Drosophila, which might provide
insights into disease mechanisms in mammals and humans.
Drosophila ISC is likely regulated by both paracrine and autocrine
mechanisms
Our previous studies suggest that intestinal VM structures the
microenvironment for ISCs by producing Wg and Upd maintenance
signals. Here we identiﬁed Vn, an EGFR ligand, as another important
ISC maintenance signal produced from the muscular niche. Therefore,
ISCs are maintained by multiple signals produced from the muscular
niche. In addition, we identiﬁed Spi and Krn, two additional EGFR
ligands, which function redundantly as possible autocrine signals to
regulate ISCs. These observations are consistent with a previous
observation that paracrine and autocrine EGFR signaling regulates the
proliferation of AMPs during larval stages (Jiang and Edgar, 2009),
suggesting that this mechanism is continuously utilized to regulate
adult ISCs for their maintenance and proliferation. The only difference
is that the proliferation of AMP cells is unaffected when without
autocrine Spi and Krn, due to redundant Vn signal from the VM,
whereas autocrine Spi/Krn and paracrine Vn signals are all essential inadult intestine for normal ISC maintenance and proliferation. We ﬁnd
that Vn and secreted form of Spi have similar roles in promoting ISC
maintenance and activation, but additional regulatory or functional
relationships among these ligands require further investigation, as the
necessity of multiple EGFR ligands is still not completely understood.
It is known that secreted/activated Spi and Krn are diffusible signals,
but our clonal analysis data show that Spi and Krn can display
autonomous phenotypes. This observation indicates that these two
ligands could behave as very short range signals in the intestinal
epithelium, or they could diffuse over long distance but the effective
levels of EGFR activation could only be achieved in cells where the
ligands are produced. Interestingly, palmitoylation of Spi is shown to
be important for restricting Spi diffusion in order to increase its local
concentration required for its biological function (Miura et al., 2006).
Whether such modiﬁcation occurs in intestine is unknown, but we
speculate that Vn, Spi and Krn, along with the possibly modiﬁed
forms, may have different EGFR activation levels or kinetics, and only
with them together effective activation threshold could be reached
and sustained in ISCs to control ISC behavior. Therefore, we propose a
working model that ISCs may require both paracrine and autocrine
mechanisms in order to achieve appropriate EGFR signaling activation
for ISC maintenance and proliferation (Fig. 8).
Mechanisms of JAK/STAT signaling activation is rather complex.
In addition to Upd expression from the VM (Lin et al., 2010), its
expression could also be detected in epithelial cells with great
variability in different reports (Beebe et al., 2010; Buchon et al.,
2009a,b; Jiang et al., 2009a; Liu et al., 2010), possibly due to variable
culture conditions. Upon injury or pathogenic bacterial infection,
damaged ECs and pre-ECs are able to produce extra cytokine signals,
includingUpd,Upd2 andUpd3, to activate JAK/STATpathway in ISCs to
promote ISC division and tissue regeneration (Amcheslavsky et al.,
2009; Buchon et al., 2009a,b; Cronin et al., 2009; Jiang et al., 2009a).
Several very recent studies suggest that EGFR signaling also mediates
intestinal regeneration under those stress conditions in addition to its
requirement for normal ISC proliferation (Biteau and Jasper, 2011;
Buchon et al., 2010; Jiang et al., 2011; Ren et al., 2010). Therefore, in
addition to basal paracrine and autocrine signaling mechanisms that
maintain intestinal homeostasis under normal conditions, feedback
regulations could be employed or enhanced under stress conditions to
accelerate ISC division and epithelial regeneration.
42 N. Xu et al. / Developmental Biology 354 (2011) 31–43The relationship between niche microenvironment and Notch regulation
in ISCs
Evidence so far has indicated a central role of N signaling in
controlling ISC self-renewal. N is necessary and sufﬁcient for ISC
differentiation (Micchelli and Perrimon, 2006; Ohlstein and Spradling,
2006). In addition, the downstream transcriptional repressor Hairless is
also necessary and sufﬁcient for ISC self-renewal by preventing
transcription of N targeting genes in ISCs (Bardin et al., 2010). Therefore,
N inhibition could be a central mechanism for ISC fate maintenance in
Drosophila. High Dl expression in ISCs may lead to N inhibition, though
howDl expression ismaintained in ISCs at the transcriptional level is not
clear yet. Hyperactivation of EGFR, Wg or JAK/STAT signaling is able to
induce extra Dl+ cells, suggesting that these three pathways might
cooperatively promoteDl expression in ISCs. It is also possible that these
pathways regulate Dl expression indirectly. As Dl-N could have an
intrinsically regulatory loop for maintaining Dl expression and
suppressing N activation (Artavanis-Tsakonas et al., 1999), these
pathways could indirectly regulate Dl expression by targeting any
component within the regulatory loop. Identifying their respective
target genes by these signaling pathways in ISCs would be an important
starting point to address this question.
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